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Agingvertebrate heart originates from migratory mesothelial cells (epicardium) that
give rise to coronary vascular smooth muscles and ﬁbroblasts. The role of the epicardium in myocardial
morphogenesis and establishment of normal heart function is still largely unknown. Here, we use Drosophila
to investigate non-autonomous inﬂuences of epicardial-like tissue surrounding the heart tube on the
structural and functional integrity of the myocardium. It has previously been shown that during Drosophila
heart formation, mesodermal expression of the homeobox transcription factor even-skipped (eve) is required
for speciﬁcation of a subset of non-myocardial progenitors in the precardiac mesoderm. These progenitors
may share some similarities with the vertebrate epicardium. To investigate a non-autonomous epicardial-like
inﬂuence on myocardial physiology, we studied the consequences of reduced mesodermal Eve expression
and epi/pericardial cell numbers on the maturation of the myocardial heart tube, its contractility, and
acquisition of a normal heart rhythm in the Drosophilamodel. Targeting the eve repressor ladybird early (lbe)
with the minimal eve mesodermal enhancer efﬁciently eliminates the mesodermal Eve lineages. These ﬂies
exhibit defects in heart structure, including a reduction in systolic and diastolic diameter (akin to ‘restrictive
cardiomyopathy’). They also exhibit an elevated incidence of arrhythmias and intermittent asystoles, as well
as compromised performance under stress. These abnormalities are restored by eve reexpression or by lbe-
RNAi co-overexpression. The data suggest that adult heart function in Drosophila is likely to be modulated
non-autonomously, possibly by paracrine inﬂuences from neighboring cells, such as the epi/pericardium.
Thus, Drosophila may serve as a model for ﬁnding genetic effectors of epicardial–myocardial interactions
relevant to higher organisms.
© 2009 Elsevier Inc. All rights reserved.Introduction
In vertebrates, the epicardium is increasingly recognized as playing
a prominent role in heart morphogenesis and in the regulation of
myocardial function, but the underlying mechanisms remain to be
elucidated. The mammalian epicardium is the outermost layer of the
heart; it derives from the so-called proepicardium, a transient
structure comprised of mesothelial cells located in the septum
transversum. These cells begin migrating towards the heart during
the process of cardiac looping and, later on, cover the surface of the
myocardium. The pro-epicardium also gives rise to cells that form the
coronary vessels and cardiac ﬁbroblasts (Manner et al., 2001; Mikawa
and Gourdie, 1996; Muñoz-Chápuli et al., 2002). The epicardium is
thought to secrete factors that signal to the developing muscle cellser, Signaling and Functional
rg, Germany.
l rights reserved.that form the myocardium (Chen et al., 2002; Lavine et al., 2005;
Stuckmann et al., 2003). Many genes involved in heart speciﬁcation
have been elucidated, including some that act in the epicardium
(Merki et al., 2005; Zamora et al., 2007; Winter et al., 2007; Cai et al.,
2008; Zhou et al., 2008). Proepicardium, epicardium, and other
epicardial derived cells are critical for proper heart development and
they exert their effects by modulating the maturation of the
myocardium (reviewed in Manner and Ruiz-Lozano, 2008). Yet, the
mechanisms by which the epicardium communicates with the
myocardium during development and in maintaining its functional
integrity remain to be elucidated. Due to complexity of heart
development in vertebrates, interactions between the epicardium
and the myocardium may proﬁt from studies in a simpler genetic
model system, such as Drosophila, which also has epicardial-like cells
apposed to the myocardium.
Contrary to the multichambered organ in vertebrates, the Droso-
phila heart is a relatively simple linear tubewhich is reminiscent of the
early embryonic heart in vertebrates (Bodmer, 1995; reviewed in
Bodmer et al., 2005; Qian et al., 2008). The ﬂy heart originates from
bilaterally symmetrical groups of mesodermal cells that meet at the
dorsal midline beneath the epidermis to form a heart tube. This heart
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expressingmuscle-speciﬁc proteins (Bour et al., 1995; Lilly et al., 1995;
Nguyen et al., 1994; Zhang and Bernstein, 2001), and an outer layer of
non-myogenic pericardial cells, referred to here as the epi/pericar-
dium. A subset of these epi/pericardial cells in the ﬂy has previously
been implicated in contributing heart function (Fujioka et al., 2005).
In this study, it was found that adult hearts with fewer epi/pericardial
cells beat at lower rates and may have a propensity for stress induced
heart failure. How exactly the heart's structure and function is
modulated by paracrine signaling is not yet known. Interestingly, a
non-autonomous inﬂuence of the epicardium on the function of the
vertebrate heart has also been postulated recently (see Manner and
Ruiz-Lozano, 2008).
During dorsal closure of the embryonic epidermis, the bilateral
cardioblast rows fuse and become aligned in a highly ordered fashion
underneath the dorsal epidermal midline to form a rhythmically
contracting heart tube that circulates haemolymph through the larval
and adult body cavities (Rizki and Rizki, 1978; Cammarato et al., 2008;
Mery et al., 2008; Ocorr et al., 2007a,b; Taghli-Lamallem et al., 2008;
Wessells and Bodmer, 2004; Wessells et al., 2004). During metamor-
phosis, the heart undergoes morphological remodelling to form the
adult heart. This process includes the recruitment of longitudinal
muscle ﬁbers ventral to the heart tube, but without the addition of
new cells to the (tinman-expressing) myocardial tube itself (Curtis et
al., 1999; Lo and Frasch, 2003; Molina and Cripps, 2001; Monier et al.,
2005; Zeitouni et al., 2007).
The genetic hierarchy that speciﬁes the ﬂy heart has been
elucidated in considerable detail (reviewed in Bodmer and Frasch,
1999; Cripps and Olson, 2002; Qian et al., 2008). The formation of
the ﬂy heart is speciﬁed by a cascade of cardiogenic transcription
factors interacting in a conserved network. Genetic experiments
suggested the involvement of the homeobox genes tinman (Azpiazu
and Frasch, 1993; Bodmer, 1993; Zaffran et al., 2006), even-skipped
(eve) (Frasch et al., 1987; Macdonald et al., 1986; Han et al., 2002),
ladybird early (lbe) (Jagla et al., 1997, 2002), odd-skipped (odd)
(Ward and Skeath, 2000), of T-box genes (Miskolczi-McCallum et al.,
2005; Qian et al., 2005; Reim and Frasch, 2005; Reim et al., 2005),
GATA factors (Gajewski et al., 2001; Klinedinst and Bodmer, 2003),
and the COUP transcription factor seven-up (svp) (Mlodzik et al.,
1990; Lo and Frasch, 2001). Interactions between these factors give
rise to speciﬁc subpopulations of cardiac progenitors. Cardiac
speciﬁcation in both, ﬂies and vertebrates, also involves complex
inductive signaling across germ layers by decapentaplegic (dpp),
wingless (wg) and hedgehog (hh). In response to combinatorial tin/
dpp/wg/hh signaling, the mesodermal cells subdivide into small
clusters of cells of cardiac progenitors (Frasch, 1995; Wu et al., 1995;
Carmena et al., 1998; Halfon et al., 2000; Liu et al., 2006). The similar
roles of these cardiogenic factors in vertebrates suggest strikingly
conserved mechanisms in both the genetic and molecular regulation
of cardiac development.
One gene that has been implicated in the interaction between the
epi/pericardium and myocardium in Drosophila is eve (Su et al., 1999;
Fujioka et al., 2005). The transcriptional regulation of mesodermal eve
expression has been elucidated in detail (Fujioka et al., 1999; Halfon et
al., 2000; Han et al., 2002; Knirr and Frasch, 2001; Jagla et al., 2002;
Liu et al., 2008; Su et al., 1999). eve is ﬁrst expressed in a subset of
segmentally repeated clusters of three to four cells at the dorsal
margin of the mesoderm giving rise to both a subset of pericardial
cells (EPCs) and dorsal muscle progenitors by well-deﬁned lineages
(for details see Han and Bodmer, 2003). All the regulatory inﬂuences
necessary for this highly restricted mesodermal pattern of eve
expression are contained within a small enhancer element (‘eme’;
Fujioka et al., 1999). Binding sites in eme have been identiﬁed for a
plethora of cardiogenic transcription factors and cardiogenic signal-
ling pathway effectors (Halfon et al., 2000; Han et al., 2002; Knirr and
Frasch, 2001; Liu et al., 2008; Lo and Frasch, 2003).Mesodermal eve repression, due to overexpression of the homeo-
box factor Lbe, has previously been shown to alter cell fates within
the Eve lineage. In turn, ectopic expression of eve affects the Lbe
lineage suggesting a mutual repression between these two homeo-
box factors (Jagla et al., 1997; 2002; Han et al., 2002). In addition,
mutations in the Lbe site of eme render reporter gene expression
insensitive to repression by lbe (Han et al., 2002; Liu et al., 2008).
Further studies showed that elimination of the eme element in a
genomic rescue construct (“eve meso-minus”) abolishes mesodermal
eve expression, which results in viable ﬂies with reduced numbers of
pericardial cells and some indications of altered heart function
(Fujioka et al., 2005), although the exact changes in heart physiology
remained to be determined. Fujioka et al. (2005) showed that eve is
an essential factor for the correct speciﬁcation of cell types arising
from the eve-expressing lineage. In the absence of mesodermal eve,
the precursor cells in which eve would usually be expressed produce
progenitors that are not localized in the EPC region, but assume
other fates, some associated with the heart (Fujioka et al., 2005, see
Figs. 1C–I therein). These cells are apparently naïve mesodermal cells
as shown by a eme-driven lacZ reporter gene and do not seem to be
a priori speciﬁed to a particular fate, since they can adopt a
myocardial, other pericardial or a muscle fate with random segment
to segment distribution (Fig. 1I in Fujioka et al., 2005). These
ﬁndings would suggest that the epi/pericardium plays a non-
autonomous role in modulating speciﬁc aspects of adult heart
function, which we have further investigated in this study. Based on
this non-autonomy, it may be possible to screen for myocardial-
speciﬁc modiﬁers that can ameliorate the compromised heart
function caused by a defective epi/pericardium.
Here, we explore how speciﬁc aspects of the heart's structure
and function are affected by the absence of eve in non-myocardial
mesoderm, as a model for non-autonomous inﬂuences on cardiac
physiology. The previously used eve meso-minus rescue ﬂies are
cumbersome to handle (in a screen, for example), since they
combine multiple elements. Thus, we inhibited eve expression by
driving its repressor lbe exclusively in the mesodermal eve lineage
(eme-lbe). eme-lbe transgenic ﬂies have reduced mesodermal eve
expression, pericardial cell number, and lifespan as previously
observed for eve meso-minus ﬂies. Importantly, we found that
eme-lbe strongly impacted multiple aspects of adult heart physiol-
ogy including its contractility and the overall incidence of
arrhythmias and asystoles. These data suggest an essential role for
the eve-expressing non-myocardial cells in adult cardiac physiology.
Additionally, we ﬁnd that forced co-expression of eve with lbe or of
lbe-RNAi in the mesodermal eve lineage is sufﬁcient to restore
proper heart structure, rhythm, and stress response. These ﬁndings
suggest that the Eve-positive epi/pericardium is likely to play a
critical, non-autonomous role in regulating myocardial structure and
contractility and in the development of a regular heart beat. These
results lay the foundation for future experiments designed to
identify downstream genes in the myocardium that are capable of
rescuing the structural and/or functional heart defects inﬂicted by
an epi/pericardial deﬁcit.
Materials and methods
Transgenic lines and genetic crosses
The transgenic lines named SSlbe carry a P-element insertion of
the genomic eve mesodermal enhancer (eme) fragment (SphI
+5.8 kb and StuI +6.6 kb, eme900), the HSP70 promoter and the
lbe cDNA ﬂanked by the 3′ and 5′ UTRs from eve, which have been
shown to increase transgene activity driven by eme in the mesoderm
(Fujioka et al., 1999; Han et al., 2002). lbe is ectopically expressed by
eme exclusively in eve-expressing cells. The SSlbe A and F transgenic
lines were selected by their ability to suppress mesodermal eve
Fig. 1. Eve pericardial cells (EPCs) are reduced upon targeted lbe overexpression. (A–F) eme-lbe mediated repression of eve (SSlbe) in stage 14 embryos (dorsal view). (A) In each
wildtype hemisegment, Eve labels the nuclei of two EPCs and those of the dorsal acute (DA1) muscle (indicated by arrow and asterisk, respectively). In the SSlbe lines, a transgene
dose-dependent loss of both EPCs and the DA1muscle was found. Note the virtually complete absence of Eve protein in the recombinant SSlbeAF line (B), a phenotype similar to eme-
deﬁcient eve (J43DR) rescue embryos (D). (C, E, F) Heterozygous SSlbeAF/+ or single transgenic lines show reduced but not abolished Eve staining. (G) Quantiﬁcation of the extent
of eve suppression was achieved by counting EPCs in each embryonic hemisegment (n=30; stage 12–16). A score of 2 corresponds to 50% repression of Eve protein, a score of 0
indicates the complete absence of detectable EPCs. Error bars represent standard deviation. (H–J) Posterior heart of late stage 16 embryos double-labeled for Eve (red) and Pericardin
(PC, green). Inwildtype ﬂies, the two EPCs per hemisegment are situatedwithin the Pericardin stained region of the epi/pericardium. In the SSlbe lines, Pericardin staining is reduced
and more diffuse in appearance. Note the absence of EPCs in SSlbeAF (J).
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outcrosses and as wildtype controls. The recombinant SSlbeAF with
four functional copies of the SSlbe transgene was also generated and
used for dose-dependent analysis. Overexpression was accomplished
using the UAS-Gal4 system (Brand and Perrimon,1993). The following
ﬂy stocks were used: eme-Gal4 (Han et al., 2002), UAS-lbe (Jagla et al.,
1997), UASrpr;UAS-hid (Bloomington Drosophila stock center), UAS-
lbeRNAi (VDRC, Vienna Drosophila RNAi Center), Cypher-GFP (gene
trap line G189; Morin et al., 2001), J43DR, J49DR and EGN86T (Fujioka
et al., 2005). J43DR, J49DR and EGN86T ﬂies were described
previously (Fujioka et al., 2005). J43DR and J49DR are also referred
to as “eve meso-minus”.
Analysis of embryos with immunohistochemistry
Antibody staining and double-labelingwas performed as described
previously (Han et al., 2002; Qian et al., 2005). For anti-eve staining,
the signal was ampliﬁed using the TSA system (Perkin-Elmer) and the
Vectastain ABC Elite PK 6100 Standard system (Vector Laboratories).
Antibody staining was visualized using 3,3′-diaminobenzidine (DAB).
For ﬂuorescent confocal microscopy, Cy3- or FITC-conjugated second-
ary antibodies were used (Jackson Laboratories). Embryos were
mounted in VectaShield (Vector Laboratories) and analyzed using a
Biorad MRC-1024MP confocal microscope. Primary antibodies used
were: mouse anti-Eve used at 1:50; mouse anti-PC at 1:2 (Hybridoma
Bank, University of Iowa), rabbit anti-Eve at 1:1000 (Frasch et al.,
1987) and rabbit anti-Dmef2 at 1:1000 (Lilly et al., 1995). For
expression analysis, 25–30 embryos were used as sample size.Staining of adult hearts
Adult hearts were dissected as for physiological recordings (see
below) and ﬁxed in 4% paraformaldehyde for 10–15 min. Actin
ﬁlaments were visualized using ﬂuorescent conjugated phalloidin,
1:250 (Molecular Probes) and analyzed using a Biorad MRC-1024MP
confocal microscope.
Adult heart physiology
For semi-intact heart preparations, adult ﬂies were anesthetized
with FlyNap™ (Carolina Biological, Burlington, NC, USA) and
dissected at room temperature (22 °C) in oxygenated artiﬁcial adult
hemolymph (AHL) containing 108 mM NaCl, 5 mK KCl, 2 mM CaCl2,
8 mM MgCl2, 10 mM sucrose, 5 mM trehalose, 5 mM HEPES (pH 7.1),
1 mM NaH2PO4 and 4 mM NaHCO3 (Singleton and Woodruff, 1994;
Wang et al., 2003) to expose the heart (Ocorr et al., 2007a). Internal
abdominal organs and fat were removed and the hearts were allowed
to equilibrate under oxygenation for 20 min prior to recording. Adult
hearts were observed under a direct immersion upright compound
microscope (Leica DM LFSA) with a 10× objective and a highspeed
camera (Hamamatsu EM-CCD). Simple PCI Software (Compix Inc.,
Cranberry Township, PA) was adapted to record the heart perfor-
mance for a period of 60 s with a frame rate of 100–120 fps. A
gradient ﬁlter of 45° and contrast enhancement were then applied to
enhance the appearance of the heart edges. Recordings were taken
from abdominal segments A3–A4 and analyzed as in Ocorr et al.
(2007a).
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Lbe-mediated suppression of eve in the dorsal mesoderm
Previous experiments deleting the mesodermal enhancer of eve
suggested that the Eve-expressing pericardial cells (EPCs) may have
an inﬂuence on heart function (Fujioka et al., 2005). Here, we
examined the precise non-autonomous impact of reducing eve
expression in non-myocardial cells associated with the heart on
speciﬁc aspects of cardiac physiology. First, we generated additional
tools to reduce mesodermal eve expression, with the added beneﬁt of
that these ﬂies may be suitable for genetic screening. For this purpose,
we made transgenic ﬂies that directly target lbe to the mesodermal
Eve progenitors and thereby inhibit eve expression (using the eme
enhancer in SSlbeA and F, see Materials and methods).
We assessed the efﬁciency of eme-lbe in reducing mesodermal eve
expression (Figs. 1A–G). The homozygous combination of two inde-
pendent transgene insertions of eme-lbe, SSlbeAF, shows a complete
absence of Eve protein in the dorsal mesoderm (Figs. 1A, B), similar to
the eve meso-minus embryos that lack eme (J43DR; Fig. 1D; Fujioka
et al., 2005). Heterozygous SSlbeAF/+ or single transgenic lines show
reduced Eve staining (Figs. 1C, E, F). Thus, eme-lbe efﬁciently
suppresses eve in the mesodermal Eve lineages, which results in a
reduced number of pericardial cells at larval stages (Suppl. Fig. S2).
This phenotype is rescued by overexpression of wildtype eve cDNA
using eme-Gal4, which suggests that the epi/pericardial eve is
required for formation of the larval pericardial cells.
Reduced mesodermal eve also affects some aspects of cardiac
morphogenesis. For example, we observed a signiﬁcant reduction and
a more diffuse localization of the pan-pericardial marker Pericardin
(Figs. 1H–J; Suppl. Fig. S1), a collagen IV component of the epi/
pericardial extracellular matrix (Chartier et al., 2002). This phenotype,
which is similar to a mild ‘broken heart’ phenotype (Yi et al., 2006), is
rescued by eme-mediated overexpression of eve in SSlbe ﬂies or in
complete eve rescue ﬂies (Suppl. Fig. S1K–N). In addition to the epi/
pericardium, morphogenesis of the myocardium is also moderately
affected by the lack of mesodermal eve. When we examined the
alignment of the bilateral rows of myocardial cells at the dorsal
midline of the embryo (Dmef2 staining; Bour et al., 1995; Lilly et al.,
1995), we observed slight myocardial misalignments in the regions
where the pericardium is noticeably affected (Suppl. Fig. S1), and
these myocardial misalignments were corrected by co-overexpression
of eve. We also observed disorganization and loss of dorsal skeletal
muscles. Taken together, a lack of eve in the dorsal mesoderm causes a
non-autonomous effect on the myocardium causing moderate cellular
misalignments of the forming heart tube. This suggests a crosstalk
between eve-expressing epi/pericardium (and/or the dorsal somatic
muscles) and the myocardium that does not express eve.
eve-deﬁciency in the epi/pericardium affects adult myocardial
morphology
All tinman-expressing adult cardiomyocytes in the working
myocardium are of embryonic origin and further proliferation does
not seem to occur during metamorphosis (Monier et al., 2005). We
analyzed the myocardial structure of 1-week old adults in order to
explore the role of mesodermal eve expression on the adult heart. We
observed a signiﬁcant reduction in the heart diameter in SSlbeAF as
well as in evemeso-minus J43DR ﬂies (Figs. 2A, B, E). These phenotypes
were reversed by overexpression of eve or co-overexpression of lbe-
RNAi in a SSlbe AF background (Figs. 2C, D) or in complete evemutant
ﬂies (EGN86T; Fig. 2F). To determine whether it is the lack of eve or
simply the absence of mesodermal Eve cell speciﬁcation we over-
expressed the death genes reaper and hid using eme-Gal4 to eliminate
the mesodermal Eve progenitors (Suppl. Fig. S6). The observed cons-
tricted heart phenotype is similar to preventing mesodermal eveexpression (Fig. 2), which is in support of the notion that mesodermal
Eve cells exert a non-autonomous inﬂuence on the heart.
In addition toﬁxed tissuemeasurements, we also tookmovies from
live hearts with these genetic combinations and measured diastolic
(DD) and systolic diameters (SD) of the beating hearts (Figs. 2G, H; as
in Ocorr et al., 2007a). Compared to the wildtype (yw) diameters of
75 μm (DD) and 45 μm (SD) in A4 abdominal segments, both para-
meters were signiﬁcantly reduced in SSlbeAF (DD: 55 μm and SD:
33 μm). These cardiac contractility phenotypes in SSlbeAF ﬂies could
be partially rescued by eme-Gal4-driven lbe-RNAi or wildtype eve co-
expression (DD: 70 μm and SD: 42 μm). In A3 segments the effect was
less pronounced but the tendency was similar. The anteriorly located
conical chamber (in A2) was little changed in all genotypes examined
(data not shown). Although we do not know the reason for this
differential effect on heart tube diameter along the anterior–posterior
axis we have seen similar effects in myosin mutants, which exhibit
dilated or restrictive cardiomyopathy preferentially in the A3/4 region
of the heart (Cammarato et al., 2008).
We also examined the myoﬁbrillar ﬁne-structure of hearts using a
Z-line-speciﬁc marker (Cypher-GFP gene trap; see Mery et al., 2008).
We observed a regular arrangement of the transverse myoﬁbrils
within the tinman-expressing myocardium (Molina and Cripps,
2001), which appeared normal (Figs. 3A, C). In contrast, the spacing
of the Z-lines and the parallel arrangement of the myoﬁbrils were
signiﬁcantly defective in the longitudinal heart-associated muscles of
SSlbeAF (Figs. 3B, D). These defects in myoﬁbrillar structure were
ameliorated by overexpressing eve or lbe-RNAi in SSlbeAF ﬂies (data
not shown). This suggests that the observed morphological changes
of the heart are likely a consequence of the loss of eve in the meso-
dermal Eve lineages. Since the EPCs of the epi/pericardium as well as
the DA1/DO2 somatic muscle founders normally express eve, we
formally cannot distinguish whether the observed effects are due to a
lack of Eve in the DA1/DO2, the EPCs, or via a reduction in the overall
number of epi/pericardial cells. Based on the close proximity of the
epi/pericardial cells to the myocardium, and because other genetic
manipulations of the epi/pericardium also result in myocardial con-
tractility defects (H.-Y. Lim and R.B., unpubl.), we favor the idea that it
is Eve activity in the epi/pericardium that is critical.
To further explore the effect of mesodermal eve repression on
other parameters of myocardial function, including aggravation of an
age-dependent susceptibility to cardiac stress, we subjected the SSlbe
ﬂies to a regime of external electrical pacing of the heart that is
designed to stress the heart by driving it at a high rate (Wessells et al.,
2004). Under this pacing stress SSlbe ﬂies exhibited an increased age-
dependent susceptibility to heart failure (Suppl. Fig. S3A). Electrical
stimulation often triggered a ﬁbrillation-like rhythm even in young
SSlbe ﬂies, which was rarely observed in wildtype control ﬂies. Thus,
eme-lbe repression of eve causes an increase in cardiac stress sus-
ceptibility that is elevated with age. In addition, both methods of
inducing mesodermal eve deﬁciency caused a reduction in longevity
(Suppl. Fig. S3B). A lifespan shortening of about 30% was observed in
the SSlbe and J43DR ﬂies compared to the mean lifespan of wildtype
ﬂies. The reduction in lifespan is more pronounced in females than in
males (data not shown).
Repression of eve in the epi/pericardium causes severe heart rhythm
disturbances
A sensitive method of monitoring the ﬂy's cardiac physiology, and
thus the functional consequences of mesodermal eve repression, is the
analysis of high-speed digital movie clips in semi-intact heart pre-
parations of adult ﬂies (Ocorr et al., 2007a). In these myogenic heart
preparations, youngwildtypeﬂies exhibit a regular heart rhythm (Figs.
4A, and 5B), but age and mutations can cause severe arrhythmias, as
manifested by variable systolic and/or diastolic intervals, asystolic
events as well as other defects in cardiac dynamics (Ocorr et al.,
Fig. 3. In vivo imaging of the myocardial microstructure. Organization of myoﬁbrillar structures by in vivo imaging of a Z-line-speciﬁc marker (cypher-GFP gene trap). 60×
magniﬁcation of the fourth abdominal segment is shown. (A, C) Regular arrangement of the transverse myoﬁbrils is observed within the tinman-expressing myocardium, in both
wildtype and mutant. (B, D) Signiﬁcant defects in spacing of the Z-lines and the parallel arrangement of the myoﬁbrils are observed in the longitudinal, heart-associated muscles of
SSlbeAF ﬂies compared to wildtype (yw).
Fig. 2. The adult myocardial heart tube is affected in eve-deﬁcient hearts. (A–F) Phalloidin staining of dissected 1-week old adults showing the heart in abdominal segments A2–A5.
(A) Labeled myoﬁbrils of a wildtype heart (yw). (B) In SSlbeAF ﬂies, heart morphology is primarily affected in the A3/A4 region (indicated by asterisks), similar to the phenotype
observed in eme-deﬁcient eve rescue ﬂies (J43DR, in E). Note the overall reduction in heart size and a signiﬁcant heart thinning in B and E compared to wildtype (A). The heart
thinning phenotypewas reversed by overexpression of wildtype eve cDNA or of lbe RNAi in a SSlbeAF background (C, D), or in complete evemutants rescue ﬂies (EGN86T, in F). (G, H)
Diameter measurement in livemovie recordings of the myocardium in both segments (A3 in grey, A4 inwhite bars) in relaxed (diastolic) and contracted (systolic) stage. For SSlbeAF,
the diastolic diameter (DD) is 55 μm and the systolic diameter (SD) 33 μm in segment A4, which is a signiﬁcant reduction compared to 75 μm and 45 μm for yw, respectively
(Student's t-test, pb0.001, n=19). SSlbeAF hearts with eme-Gal4-driven eve cDNA show rescue to 70 μm (DD) and 42 μm (SD). Similar to SSlbe AF, both parameters were
signiﬁcantly reduced in J43DR hearts and were reversed in complete eve mutants rescue EGN86T ﬂies. Student's t-test, ⁎pb0.01, ⁎⁎pb0.001; 15–19 hearts per data point.
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Fig. 4.Movement analysis of adult heartbeats in semi-intact ﬂy preparations. (A–F) Left panel: representative 20 s M-Mode traces from high speed movies. M-modes are made by electronically excising a one-pixel wide region that spans the
upper and lower edges of the heart from the same position in every movie frame. The one-pixel wide strips are aligned horizontally to provide a trace of the heart edge movement in the y axis over time (x axis). Right panel: histograms of all
the heart period lengths for the speciﬁed genotypes plotted as percentage of total beats (n=18–20 ﬂies per genotype). Prolonged heart periods (N1.5 s) are binned together (indicated by arrows). (A) Wildtype (yw) M-modes show little
variation of the heart period resulting in a narrow distribution around the median heart period. (B, C) Arrhythmic heart beats are evident in mesodermal eve-deﬁcient ﬂies. Asystolic events indicative of prolonged diastolic intervals result in
longer andmore variable heart periods, as illustrated by the broad distribution around themean heart period for J43DR. Note the high percentage of periods longer than 1.5 s (indicated with arrows in the right panel) resulting in a signiﬁcantly
lower heart rate. (D) Few arrhythmias and asystolic events were observed in the complete eve rescue line EGN86T, with quite narrowly distributed heart periods of the individual ﬂies. (E, F) SSlbeAF line shows a high incidence of arrhythmias












Fig. 5. Quantiﬁcation of asystolic events and arrhythmias. (A) Relative measurement of
asystolic events using twice themedian heart period of every individual ﬂy for detecting
prolonged diastolic intervals, normalized by the total time of themovies. Both, SSlbeﬂies
and J43DR mutants exhibit a signiﬁcant increase of asystoles relative to yw and the
rescue controls. (B) Arrhythmia index is deﬁned as the normalized standard deviation of
the heart period. SSlbe and J43DR lines and UASlbe;eme-Gal4 all show an increased
incidence in arrhythmias compared towildtype (yw) and rescue controls (AF;emeNeve).
The outcross of SSlbeAF;eme-Gal4 (AF/+;eme/+) is included as a control for the rescue
SSlbeAF;eme-Gal4;UAS-eve (AF;emeNeve). (n is 18–20 hearts per data point).
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J43DR ﬂies exhibited an increase in cardiac arrhythmias as shown by
the broadening of the heart period distribution (Figs. 4B, C, E) and by
the signiﬁcantly increased Arrhythmia Index (Fig. 5B). In these
mesodermal eve-deﬁcient ﬂies, we also observed rhythm disturbances
along the anterior–posterior axis, in that the two ends of the heart
were beating with different frequencies (akin to a 2:1 block; data not
shown). This ﬁnding may suggest also a disturbance of the coordina-
tion of the two cardiac pacemakers at either end of the abdominal
heart tube (Dulcis and Levine, 2003).
Representative M-Mode examples for J43DR and SSlbeAF ﬂies are
shown in Fig. 4. The following cardiac phenotypes were observed: (1)
non-contractile asystolic heart periods or temporary cardiac arrest
(Fig. 5A), (2) double or multiple beats within otherwise regular
periods, and (3) varying duration of diastolic intervals (DI) resulting
in arrhythmias. The non-contractive asystolic heart periods were
dramatically increased in SSlbeAF and eme deletion ﬂies (arrows in
histograms of Figs. 4B, C, E), and are quantitatively represented in Fig.
5A. The quantiﬁcation of asystoles is based on detection in individual
records of the diastolic interval lengths that are twice the median
heart period, thus intervals larger than 0.7 s for yw, 0.8 s for SSlbeA
and SSlbeAF, and 1.3 s for J43DR are recorded as asystolic events (Fig.
5A). The arrhythmia index, deﬁned as the normalized standard
deviation of the heart period, is also consistently higher in these eve
repressed or mutant ﬂies compared to the controls (Fig. 5B). Taken
together, these observations suggest that the mesodermal eve expres-
sion is necessary for a normal set of adult epi/pericardial cells and in a
yet to be determined non-autonomous fashion for a fully functional
heart with a robust and regular myogenic heart rhythm.Mesodermal eve repression in eme-lbe transgenic ﬂies reproduces
the cardiac abnormalities observed in eve meso-minus mutants. In
addition, this genetic conﬁguration is more amenable to genetic
screening for modiﬁers capable of ameliorating heart function defects
inﬂicted non-autonomously by the lack of eve expression in neigh-
boring epi/pericardial cells or dorsal muscles. In order to test the
feasibility of conducting such a screen, we examined SSlbeAF/+ ﬂies
crossed to a pilot set of heterozygous deﬁciencies to screen for second
site modiﬁers of the SSlbeAF phenotype. We asked whether the
myocardial dysfunction, observed in response to reducedmesodermal
eve expression, could be rescued. In this pilot screen, most deﬁciencies
aggravated or did not change the SSlbeAF phenotype (Suppl. Fig. S4,
top 2 traces), except one that showed signiﬁcant amelioration (Suppl.
Fig. S4, bottom traces). Although more experiments are needed to
conﬁrm this result, these preliminary data suggest that efﬁcient F1
screening with heterozygous deﬁciencies or with myocardial-speciﬁc
expression of EP or RNAi lines (not shown) is indeed feasible and
should provide clues as to the mechanisms of non-autonomous epi-
myocardial interactions in normal heart function.
Discussion
A new tool for studying the role of non-myocardial eve expression in
myocardial differentiation and establishment of heart function
During heart morphogenesis in Drosophila, mesodermal eve
expression is required in a subset of cardiac progenitors that give
rise to a subpopulation of epi/pericardial cells in the heart as well as a
subset of dorsal somatic muscles. In the absence of mesodermal eve
using eme-deﬁcient rescue ﬂies, the eve-dependent subset dorsal of
muscles do not form and the number or epi/pericardial cells at larval
and adult stages are reduced, which in turn seems to affect adult heart
function (Fujioka et al., 2005). In that previous study, it was shown
that heart rate and pacing-induced rate of heart failure was affected in
eme-deﬁcient rescue ﬂies. Here, we have studied in detail the non-
autonomous role of mesodermal eve on cardiac physiology (contrac-
tility, rhythmicity, etc.), and have generated new tools that can be used
to investigate the genetic basis of epi/myocardial interactions. Since
lbe represses mesodermal eve via the well-deﬁned eme element
(Han et al., 2002; Jagla et al., 2002), we directly targeted lbe
expression to the mesodermal eve domains using this element
(eme-lbe) resulting in phenotypes that were similar if not identical
to that observed for eve meso-minus ﬂies. Thus, it is likely that the
main effect of eme-lbe is due to repression of mesodermal eve since
both manipulations cause similar structural and functional defects.
This is consistent with the notion that the lack of mesodermal eve
prevents the formation of the derivatives of these Eve lineages,
including a subset of the epi/pericardium.
It should be noted that the lineages of mesodermal eve-expressing
progenitor cells (see Han and Bodmer, 2003) do not give rise to
myocardial cells during development, nor are there new cells added to
the inner tinman-expressing myocardial tube during metamorphosis
(Molina and Cripps, 2001; Monier et al., 2005) and there is no
evidence that the epi/pericardium contributes a cellular component
to the myocardium at any time. Thus, the observed adult heart
phenotype of the SSlbe lines, or of mesodermal eve deﬁciency lines, is
likely due to an entirely non-autonomous effect of a compromised
epi/pericardium (and missing dorsal muscles) on the establishment
and functional integrity of the myocardium.
An important question is whether eve is required during develop-
ment or (also) at adult stages to ensure normal heart function. Eve is
present in a subset of epi/pericardial nuclei in the embryo (Fig. 1), but
in the adult, Eve is present in the nucleolus of all pericardial cells
(Suppl. Fig. S5; Frasch et al., 1987; Das et al., 2008a). Interestingly,
eme-mediated lbe expression abolishes mesodermal eve only in the
embryo but not in the adult (Fig. 1 and Suppl. Fig. S5), yet the adult
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eme does not seem to mediate adult epi/pericardial eve expression
(Suppl. Fig. S5, data not shown). Thus, we favor the interpretation that
eve is required during development for the establishment of normal
cardiac physiology in the adult. One aspect of heart function (overall
heart rate in early pupae) does not seem to be altered by ablation of
pericardial cells at larval stages (Das et al., 2008b). It will be
interesting to see how other more subtle and speciﬁc aspects of the
adult heart may be inﬂuenced by the ablation of all adult pericardial
cells. Another question is whether the lack of mesodermal eve expres-
sion is equivalent to ablating the progenitors that normally give rise to
Eve-pericardial and -muscle founder cells. To address this, we over-
expressed the death genes reaper and hid using eme-Gal4. Remark-
ably, we observed the same constricted heart phenotype as with
eliminating mesodermal eve expression by other means (Suppl. Fig.
S6, compared to Fig. 2), suggesting that elimination of eve-expressing
mesodermal cells abolishes the non-autonomous inﬂuences normally
exerted of these cells onto the myocardium.
Eight Eve-positive cells anterior to the heart-associated epi/
pericardial progenitors also express pericardial markers and they
have recently been shown to give rise to the so-called “wing hearts”,
two bilateral muscular organs in the thorax that pump hemolymph
into the wings (Tögel et al., 2008). In the absence of eve expression in
these progenitors, the ﬂies are wing-heart-less and thus ﬂightless,
suggesting a role of eve in the formation of these pumps as well.
Mesodermal eve deﬁciency in the embryo causes a signiﬁcantly
reduced diameter of the adult heart in the abdominal A3 and A4
regions that is reminiscent of a ‘restrictive cardiomyopathy’-like
phenotype also observed in certain myosin mutants (Cammarato
et al., 2008). As the phenotypes could be reversed by co-over-
expression of eve, we propose that the alterations in myocardial
structure and function are likely due to the loss of mesodermal eve
as opposed to a side effect of lbe overexpression. This conclusion is
consistent with the rescue phenotype, accomplished by down-
regulation of lbe in the eme-lbe background using a hairpin dsRNA
construct (Fig. 2). As eve itself acts as a mesodermal repressor, loss of
its repressive function is likely to cause the observed cardiac phe-
notype in the SSlbe lines. It will be interesting to study how repres-
sion by eve in the epi/pericardium inﬂuences the structure and
function of the myocardium and whether this relationship is con-
served in mammals. The eme-lbe ﬂies provide a unique tool that
allows us to address this question via transgenic manipulations.
Genome-wide screens for non-autonomous modiﬁers can be con-
ducted by driving any transgene in the myocardium of compromised
eme-lbe lines. In a pilot experiment, we have demonstrated the
feasibility of this approach (Suppl. Fig. S4).
Repression of mesodermal eve compromises cardiac performance
We further assessed the importance of mesodermal eve and an
intact epi/pericardium on adult heart function. eme-lbe induced eve
repression was found to trigger distinct physiological consequences,
including a higher heart failure rate in response to cardiac pacing. In
addition, we observe increased arrhythmias and incidences of asys-
toles suggesting that the non-autonomous inﬂuence of eve on the
heart affects several distinct parameters of cardiac performance. Both
the lack of eve in the developing epi/pericardium as well as the
subsequent alterations in adult myocardial morphology may con-
tribute to the observed physiological phenotypes. Although, we
cannot formally exclude the possibility that the ‘unspeciﬁed’ EPC
lineage without eve expression is entirely naïve as proposed by
Fujioka et al. (2005), the ﬁnding that ablation of the mesodermal Eve
progenitors results in a similarly constricted heart phenotype (Suppl.
Fig. S6) further underlines a likely indispensible and non-autonomous
contribution of the epi/pericardium to the establishment of a normal
adult heart.In vertebrates, signaling between the epicardium and the deve-
loping myocardium has been demonstrated (Chen et al., 2002; Lavine
et al., 2005; Stuckmann et al., 2003) and this signaling likely plays a
role in myocardial maturation and function (reviewed in Manner and
Ruiz-Lozano, 2008). In order to test our hypothesis that the epi/
pericardium regulates myocardial function in the ﬂy, we analyzed in
detail the heart contractions of mesodermal eve mutant ﬂies. Indeed,
we demonstrate that embryonic loss of mesodermal eve and reduced
epi/pericardiumprovokes adult heart function defects. In addition, eve
mutant adult ﬂies exhibit compromised heart performance under
stress conditions that may in part be due to the observed morpholo-
gical changes of the myocardium. Based on these observations, we
propose an essential, non-autonomous role for the epi/pericardium in
developing a rhythmic heart beat and normal contractility.
Possible similarities between Drosophila Eve and vertebrate EVX2
function
It is possible that the epi/pericardial cell population in Drosophila
shares some characteristics of the vertebrate epicardium (see also
Fujioka et al., 2005). In vertebrates, there is also evidence for
epicardial inﬂuences on the developing myocardium, although how
the physiology of the heart is affected is not known. Knockouts of
epicardial-speciﬁc genes, such as the transcription factor Wilm's
tumor suppressor (WT-1) or α4-integrin, showed severe cardiac
defects, most notably impaired epicardial development and myocar-
dial thinning (Kreidberg et al., 1993; Yang et al., 1995; Merki et al.,
2005; Zamora et al., 2007; Winter et al., 2007; Cai et al., 2008; Zhou
et al., 2008). The expression patterns of these genes are largely
restricted to the epicardium, suggesting that myocardium formation
is dependent on signaling from the epicardium. More recently,
epicardial RXR or β-catenin knockouts also cause a myocardial
thinning phenotype (Merki et al., 2005; Zamora et al., 2007). Since
the eve homolog Evx2 is expressed in the mouse epicardium (Fujioka
et al., 2005), it is possible that Evx2 functions in a similar fashion in
mammals during cardiogenesis and establishment of cardiac func-
tion, as eve does in ﬂies.
Recently, signaling via pathways such as the retinoic acid (RA) or
ﬁbroblast growth factor (FGF) has been implicated in myocardial
growth. One of the RA components, retinaldehyde dehydrogenase 2
(RALDH-2) is highly expressed in the epicardium, but not in the
myocardium (Moss et al., 1998; Xavier-Neto et al., 2000) consistent
with a role of this agent via the epicardium.While myocardial-speciﬁc
knockouts of the retinoid receptor RXRα showed no abnormal
myocardial phenotype, blocking of RA signaling from the epicardium
in epicardial conditional RXRαmutants impairs myocyte proliferation
(Chen et al., 1998; Merki et al., 2005; Stuckmann et al., 2003). These
data suggest that the signaling from the epicardium plays a signiﬁcant
role in heart formation. Since eve is required in the epi/pericardium
for myocardial maturation in ﬂies, and its homolog Evx2 is expressed
in the mammalian epicardium, the postulated epicardial-to-myocar-
dial signaling might involve Evx2. Use of the Drosophila heart model
should help identify additional genes that may be important in
epicardial–myocardial interactions in vertebrates.
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